Smoking is an established risk factor for pancreatic cancer; however, detailed examination of the association of smoking intensity, smoking duration, and cumulative smoking dose with pancreatic cancer is limited. The authors analyzed pooled data from the international Pancreatic Cancer Cohort Consortium nested case-control study (1,481 cases, 1,539 controls). Odds ratios and 95% confidence intervals were calculated by using unconditional logistic regression. Smoking intensity effects were examined with an excess odds ratio model that was linear in pack-years and exponential in cigarettes smoked per day and its square. When compared with never smokers, current smokers had a significantly elevated risk (odds ratio (OR) ¼ 1.77, 95% confidence interval (CI): 1.38, 2.26). Risk increased significantly with greater intensity (!30 cigarettes/day: OR ¼ 1.75, 95% CI: 1.27, 2.42), duration (!50 years: OR ¼ 2.13, 95% CI: 1.25, 3.62), and cumulative smoking dose (!40 pack-years: OR ¼ 1.78, 95% CI: 1.35, 2.34). Risk more than 15 years after smoking cessation was similar to that for never smokers. Estimates of excess odds ratio per pack-year declined with increasing intensity, suggesting greater risk for total exposure delivered at lower intensity for longer duration than for higher intensity for shorter duration. This finding and the decline in risk after smoking cessation suggest that smoking has a latestage effect on pancreatic carcinogenesis.
20% of pancreatic cancer cases (12) . A recent meta-analysis indicated that current cigarette smokers, compared with never smokers, have about a 2-fold risk of pancreatic cancer and that the risk increases incrementally with the number of cigarettes smoked and the number of years of smoking (12) . The magnitude of the effects of the different dimensions of smoking on pancreatic cancer risk varies because of small study sizes and differences in design characteristics (12) . In particular, the level of risk associated with intensity, duration, and cumulative dose, and the change in risk with cigarette smoking cessation, need further elucidation to better understand their influence on pancreatic cancer.
We pooled nested case-control samples from the Pancreatic Cancer Cohort Consortium. Our aims were to examine the risk of pancreatic cancer in relation to cigarette smoking, including evaluating the magnitude of effect of smoking intensity, duration, pack-years, and cessation. With over 1,400 cases, this prospective analysis of pancreatic cancer and smoking is one of the largest to date.
MATERIALS AND METHODS

Study population
The Pancreatic Cancer Cohort Consortium is an international initiative that includes investigators from 12 prospective epidemiologic cohorts and one case-control study to identify genetic markers of susceptibility through a genome-wide association study and to investigate environmental and lifestyle risk factors for pancreatic cancer. For this analysis, we included only prospective nested casecontrol studies that did not match controls to cases by smoking status.
Studies in the pooled analysis included the AlphaTocopherol, Beta-Carotene Cancer Prevention (ATBC) Study; CLUE II; Cancer Prevention Study II; European Prospective Investigation into Cancer and Nutrition (EPIC); New York University Women's Health Study; Prostate, Lung, Colorectal, Ovarian Cancer Screening Trial; Shanghai Men's and Women's Health Study; and Women's Health Initiative ( Table 1 ). The Nurses' Health Study, Health Professionals Follow-up Study, Women's Health Study, and Physicians' Health Study were excluded because cases and controls were matched on smoking status (never, former, and current cigarette smokers), and the Mayo Clinic study was excluded because it was not prospective. Our final analytic set included 1,481 cases and 1,539 controls from 8 cohorts.
Case ascertainment and data collection
Cases of pancreatic cancer included all incident primary pancreatic adenocarcinomas (International Classification of Diseases for Oncology (ICD-O-3) codes C250-C259 or C25.0-C25.3, C25.7-C25.9). We excluded endocrine pancreatic tumors (code C25. 4 Controls were incidence density sampled with a 1-to-1 control-to-case ratio and were alive and free from pancreatic cancer on the date the matched case was diagnosed. Controls were frequency selected to cases on calendar year of birth (65 years), gender, race, and ethnicity. Each cohort may have been matched additionally on other relevant factors such as age at baseline or age at blood draw (65 years), date/time of blood draw, fasting blood draw, and length of follow-up (Table 1) .
In each of the 8 studies, data on cigarette smoking history, demographics, and possible confounders were collected through written questionnaires or in-person interviews. Detailed descriptions of data collection methods have been published previously by the individual studies (13) (14) (15) (16) (17) (18) (19) (20) (21) (22) . From each study, we obtained information on history of cigarette smoking, sex, age, race, body mass index, family history of pancreatic cancer, alcohol consumption, selfreported pancreatitis, and diabetes history. Individual data sets were checked for consistency with previously published results (21) .
The Special Studies Institutional Review Board of the National Cancer Institute approved the pooled Pancreatic Cancer Cohort Consortium study. Informed consent was obtained in each of the individual studies. Each study also was approved by its local institutional review board.
Exposure definitions
We classified study participants as ever smokers if they had ever smoked cigarettes (ATBC, CLUE II, EPIC, New York University Women's Health Study), if they had ever smoked more than 100 cigarettes in a lifetime (Cancer Prevention Study II, Women's Health Initiative), or if they had ever smoked cigarettes for 6 months or longer (Prostate, Lung, Colorectal, Ovarian Cancer Screening Trial; Shanghai Men's and Women's Health Study). Former smokers were defined as those who had reported stopping smoking on the most recent questionnaire prior to their diagnosis (cases and matched controls), individually corrected for the time elapsed between questionnaire administration and diagnosis of pancreatic cancer.
For ever smokers, information was also collected on the age at which they began smoking, current smoking habits, and intensity and duration of smoking. Cumulative lifetime exposure to cigarette smoking was computed by using smoking intensity and duration (pack-years ¼ number of packs smoked per day 3 number of years of smoking). We categorized smoking-related variables into quartiles or quintiles based on ever smokers only (intensity: <10, 10-<20, 20-<25, 25-<30, !30; duration: 10, >10-20, >20-40, >40-50, >50; pack-years: 10, >10-20, >20-30, 
Statistical analysis
We calculated odds ratios and 95% confidence intervals for pancreatic cancer risk using unconditional logistic regression. We adjusted all models for sex, age (continuous), race (Caucasian, African American, Asian, other, unknown), body mass index (weight (kg)/height (m)
2 ), and self-reported diabetes (yes, no, missing) because they are putative risk factors for pancreatic cancer. We did not adjust for family history of pancreatic cancer because not all cohorts obtained this information. We tested for trend among ever smokers and treated the exposure variable as continuous in the model by entering the median value for each level of the categorical variable among the controls. Tests for trend were 2-sided and were based on the integer scores for smoking cessation (0 for current smokers, from 1 for shorter to as high as 5 for longer cessation time) and age at which smoking started (23) .
Heterogeneity in the risk estimates for our study was assessed by using the Q and I 2 statistics (24). We considered statistically significant heterogeneity at the P ¼ 0.05 level of association. I 2 describes the percentage of variability in point estimates due to heterogeneity rather than sampling error. An I 2 of 50% or more was considered to be notably heterogeneous. To investigate whether one single study unduly influenced the pooled estimates, sensitivity analyses also were conducted to compare pooled risk estimates after systematically excluding each study in turn. Interaction was tested by using a multiplicative risk model. We also calculated the attributable proportion of the disease explained by smoking using a multivariate approach (25) (attributable risk ¼ 1 À (((1/never smoker odds ratio (OR)) 3 number (n) of never smoker pancreatic cancer cases) þ ((1/former smoker OR) 3 n former smoker cases) þ ((1/current smoker OR) 3 n current smoker cases)/total n pancreatic cancer cases)). We evaluated the effects of the delivery rate of cigarette smoking; that is, for subjects with equal total pack-years, particularly whether increasing number of cigarettes per day and decreasing duration of smoking results in greater, the same, or smaller risk of pancreatic cancer. This step is accomplished by applying a recently described 3-parameter model for the excess odds ratio (26) of the form
where d denotes total pack-years of smoking and n denotes cigarettes smoked per day. The parameter b represents the slope of a linear relationship between disease and total packyears, that is, the excess odds ratio per pack-year at g(n) ¼ 1, whereas g(.) represents the modifying effect of cigarettes per day on b. For each n, b g(n) thus defines a distinct linear relationship for the odds ratios of pancreatic cancer by total pack-years. After a preliminary assessment, we set g(n) ¼ exp{N 1 n þ N 2 n 2 }, where N 1 and N 2 are unknown parameters. This function differed from prior analyses (26, 27) .
The ATBC study included only smokers. To fit model 1, we therefore adjusted the ATBC study-specific intercept parameter to reflect never smokers using the following procedure. In a mixed population,
, where I is the disease incidence rate and S ¼ 1 or 0 denotes ever or never smoker, respectively. If RR smk ¼ I S¼1 /I S¼0 is the relative risk for ever smoked, then
We assumed RR smk ¼ 2 for pancreas cancer and P[S ¼ 1] ¼ 0.70 (27) and included the logarithm of an offset value equal to
Odds ratio analyses were calculated by using the SAS software program, version 9.1 (SAS Institute, Inc., Cary, North Carolina). Model 1 was fit by using the Epicure program (28) .
RESULTS
Cases and controls were similar regarding all matched variables (data not shown). Most study participants were Caucasian, and 89% of the study population was older than age 60 years. Ten percent of our participants were diabetic, and cases and controls tended to be overweight, with a mean body mass index of about 26 kg/m 2 . The average age at pancreatic cancer onset was 69 years for cases who smoked and 68 years for cases who did not smoke. Thirty-nine percent of the pancreatic cancer cases and 44% of the controls never smoked (data not shown).
There was no interaction by sex; therefore, we present sexcombined results in this paper. Figure 1 (never vs. former smokers) and Figure 2 (never vs. current smokers) show forest plots for cigarette smoking and pancreatic cancer. Compared with never smokers, current smokers had a statistically significant increased risk of pancreatic cancer (OR ¼ 1.77, 95% confidence interval (CI): 1.38, 2.26), whereas former smokers had a nonsignificant risk (OR ¼ 1.09, 95% CI: 0.91, 1.30). The pooled estimates remained stable following the systematic exclusion of one study at a time (data not shown). We found no significant heterogeneity in our study population (pooled estimate for former smokers: Q ¼ 6.7, P ¼ 0.35, I
2 ¼ 10%; pooled estimate for current smokers: Q ¼ 7.2, P ¼ 0.30, I
2 ¼ 16%). The population attributable risk for smoking (former and current) was 15% (attributable risk
For cigarette smokers, compared with never smokers, pancreatic cancer risk increased significantly with increasing intensity, duration, and pack-years (Table 2) . Smoking intensity showed a significant risk in the highest exposure category and a significant dose-response trend (!30 cigarettes/day: OR ¼ 1.75, 95% CI: 1.27, 2.42; P-trend ¼ 0.03). Compared with those for never smokers, the risk estimates for smokers were elevated for the longest duration (>50 years: OR ¼ 2.13, 95% CI: 1.25, 3.62; P-trend <0.001) and cumulative smoking dose (>40 pack-years: OR ¼ 1.78, 95% CI: 1.35, 2.34; P-trend <0.001). Risk estimates for former smokers who had quit smoking for less than 10 years were significantly increased (OR ¼ 2.19, 95% CI: 1.25, 3.83), whereas former smokers who had quit for less than 15 years were at nonsignificant elevated risk compared with never smokers (OR ¼ 1.24, 95% CI: 0.78, 1.98). The risk was nonsignificant for those participants who had quit smoking more than 15 years ago. When current smokers were considered the referent group, risk estimates for former smokers who quit less than 10 years ago were nonsignificantly elevated (OR ¼ 1.24, 95% CI: 0.69, 2.22); odds ratios were significantly reduced after more than 15 years of quitting. When analyses were adjusted by smoking cessation, results were similar for smoking intensity (!30 cigarettes/day: OR ¼ 2.22, 95% CI: 1.50, 3.26), duration (>50 years: OR ¼ 2.13, 95% CI: 1.25, 3.62), and pack-years (>40 pack-years: OR ¼ 1.96, 95% CI: 1.04, 2.75).
Age at start of smoking was not associated with pancreatic cancer. Patterns were the same and the risk estimate increased when never smokers were compared with current smokers only (>40 pack-years: OR ¼ 2.17, 95% CI: 1.49, 3.16). Using a multiplicative model for risk of pancreatic cancer, we found no significant interaction between smoking and age, sex, body mass index, race, or diabetes (data not shown).
For any given number of cigarettes per day, n, model 1 defines a distinct linear relation for the odds ratios of pancreatic cancer by total pack-years with a slope given by b g(n). We evaluated that assumption in Figure 3 , which displays odds ratios for pack-years of smoking within categories of smoking intensity by considering never smokers as the reference. Odds ratios increased with increasing pack-years within each category of intensity, and the associations between odds ratios and packyears were approximately linear. Within each category of number of cigarettes per day, the slope of the linear estimates show the excess odds ratio per pack-year. The estimated excess odds ratio/pack-year with 95% confidence interval generally decreases with increasing number of cigarettes smoked per day (Figure 4, square symbols) . The risk patterns shown in Figure 4 were similar when data were restricted to never smokers and to current and recent former smokers.
When continuous pack-years and cigarettes per day are used, the fitted model 1 (solid line) with pointwise 95% confidence interval (dotted line) (Figure 4) closely fits the estimates. Although the smoking effects were statistically significant (P < 0.001 for the test of b ¼ 0, N 1 ¼ 0, and N 2 ¼ 0), variation of the pack-years effect by cigarettes per day was only suggestive (P ¼ 0.16 for the test of N 1 ¼ 0 with N 2 omitted, and P ¼ 0.35 for the test of N 1 ¼ 0 and N 2 ¼ 0). The 95% confidence interval for the fitted curve was wide, particularly at low smoking intensities, highlighting the uncertainty of the effects in that range. To further investigate smoking cessation, we used our model to evaluate the excess odds ratio/ pack-year for current versus former smokers (data not shown). The risks were lower for former smokers and the excess odds ratio/pack-year varied by smoking status (P ¼ 0.06), but there were too few former smokers with detailed information (324 cases, 331 controls) to estimate the excess odds ratio/pack-year curves with precision.
DISCUSSION
Our findings support published literature showing that current smokers, compared with never smokers, have about an 80% increased risk of pancreatic cancer (12, 29) . A recent meta-analysis on tobacco and pancreatic cancer risk analyzed 82 published case-control and cohort studies between 1950 and 2007 (12) . The authors of the meta-analysis showed current smokers, compared with never smokers, to have pooled risks of 1.70 (95% CI: 1.53, 1.90) and 1.77 (95% CI: 1.59, 1.97) (12) in cohort and case-control studies, respectively, similar to our study's risk estimates for current smokers. Our risk estimate for former smokers, compared with never smokers (OR ¼ 1.20, 95% CI: 1.11, 1.29), as well as the magnitude of associations with increasing smoking intensity, duration, and pack-years, is consistent with published findings (12) .
Most studies suggest that smoking cessation reduces the risk of pancreatic cancer, with the reduction in risk observed 10-15 years after cessation, and our findings are consistent with the literature (12) . The recent meta-analysis, which utilized both case-control and cohort data and analyzed smoking cessation in only 3 categories-<10 years, !10 years, and !20 years-compared with never smokers, showed a nonsignificantly increased pancreatic cancer risk for former smokers for a minimum of 10 years (RR ¼ 1.15, 95% CI: 0.95, 1.40) and a nonsignificant decreased pancreatic cancer risk for those who had quit for 20 or more years (RR ¼ 0.96, 95% CI: 0.85, 1.09) (12) . Regardless of the reference group, in our prospective analysis, participants who had quit smoking for more than 15 years were at similar risk as never smokers.
We used an excess odds ratio model for pancreatic cancer that is linear in pack-years and exponential in cigarettes smoked per day and its square. The model isolated the intensity effects for fixed total pack-years, thus enabling the comparison of odds ratios for total exposure delivered at low intensity for long duration and at high intensity for short duration (26, 27, 30, 31) . We found that estimates for the excess odds ratio per pack-year generally declined with increasing intensity, suggesting greater risk for a total exposure delivered at lower intensity than for an equivalent exposure delivered at higher intensity. Patterns at lower intensities are subject to increased variability because of limited ranges for pack-years among light smokers. Although the exposure rate variation was not statistically significant, our findings are consistent with previous pancreatic cancer findings from a case-control study that included a large proportion of African-American cases and a cohort study that utilized the ATBC cohort; both studies found similar inverse intensity-exposure-rate patterns (27, 32) .
Biologic mechanisms and biases in exposure assessment due to the behavioral influences of nicotine dependency and subsequent nicotine satiation could explain our inverse intensity patterns (26) . For example, the intensity pattern noted in our study may be due to underlying biologic processes, such as the activation and detoxification of carcinogenic compounds in cigarette smoke or DNA repair capacity (26) . However, patterns of the excess odds ratio/pack-year by intensity of smoking may also reflect modulation of inhalation practices. For example, higher-intensity smokers may inhale less, thereby ingesting relatively fewer carcinogens per cigarette smoked compared with less intense smokers. This difference would result in reduced risks at higher intensities (26) . However, studies of other smoking-related cancers have found no evidence of a relation between frequency or depth of inhalation and intensity after controlling for total pack-years (26) . Thus, although misclassification of smoking intensity may impact the exposure rate pattern, it is unlikely to fully explain the inverse exposure rate effect (30) .
After adjustment for differences in risk with total packyears of smoking, we observed patterns of decreasing risk with smoking intensity above 15-20 cigarettes per day. A similar pattern has been observed for lung, bladder, oral cavity, kidney, and esophagus as well as pancreatic cancer (26, 27, 30, 31) . Although smoking inhalation characteristics may partially explain the smoking intensity patterns (30), the consistency of the results across diverse cancer sites may suggest a common molecular mechanism in the development of smoking-related diseases. Therefore, whereas molecular mechanisms for how smoking could cause pancreatic cancer are not well understood, studies looking at possible smokingrelated pathways in other tobacco-related cancers may provide some insights. The main source of exposure to tobacco-related carcinogens for pancreatic cancer is indirect via the bloodstream or bile, so understanding tobacco-related diseases with similar indirect exposure, such as kidney and cervical cancer, may be more informative (12). This pooled analysis is one of the largest prospective analyses examining the association between smoking and pancreatic cancer, particularly noting the excess risk associated with total exposure delivered at lower intensity and longer duration versus an equivalent exposure delivered at higher intensity and shorter duration. Several additional strengths and limitations should be mentioned when interpreting our findings. Our study includes participants primarily of European decent; therefore, our study results may be generalizable to other Caucasian populations. Furthermore, our findings are consistent with a recent metaanalysis of mostly Caucasian populations, including 65 studies from Australia, Canada, or the United States. Selection bias is unlikely since controls were individually matched to cases in each prospective study. There was variation in questionnaire design and the assessment of smoking exposure in the different studies, which could result in exposure misclassification. Some, but not all cohorts in our analysis had repeated smoking measurements, and individuals may have changed their smoking behavior during follow-up. However, given that our risk estimates for never, former, and current smokers and for smoking duration, intensity, and pack-years were consistent with the literature on pancreatic cancer and smoking (12) , misclassification in our study appeared to be minimal. Furthermore, sensitivity analyses revealed that our pooled estimates remained stable following systematic exclusion of each study.
Not all cases of pancreatic cancer were histologically confirmed, and central review of all cases by a study pathologist was not feasible, so it is possible that some disease misclassification could have occurred. However, a review study on pancreatic cancer and smoking has shown that risk estimates in studies in which fewer than 80% of the cases were histologically confirmed, compared with those in which more than 80% of the cases were histologically confirmed, differed by approximately 13% and were still statistically significantly associated with pancreatic cancer (12) . Therefore, disease misclassification is unlikely to have changed our results significantly. Using Pancreatic Cancer Cohort Consortium data, we confirmed previous positive associations between smoking and pancreatic cancer. Moreover, we complemented previous findings that describe an inverse exposure rate pattern for pancreatic cancer and other smoking-related cancers, suggesting commonality in the development of smokingrelated diseases. Because it is still unclear exactly when quitting smoking decreases pancreatic cancer risk, this issue should continue to be studied because it may provide insights into the prevention, behavior, and molecular mechanisms associated with pancreatic cancer risk. In the past, there have been arguments about when smoking exhibits its biologic effects, that is, earlier or later in the carcinogenic process (4, 32) . Our smoking cessation and intensity pattern and duration data, coupled with existing studies, support a late-stage mechanistic effect in pancreatic cancer development, although the minimum time required for the carcinogenic process to occur is still unknown, and more research is needed to better explain how smoking can lead to pancreatic cancer.
Fifteen percent of pancreatic cancer is explained by cigarette smoking in the Pancreatic Cancer Cohort Consortium study, which is slightly less than previously reported (12) . Because smoking is an established pancreatic cancer risk factor, smoking cessation continues to be an effective strategy for decreasing the burden of this disease.
